Immunolocalization of type IX collagen in normal and spontaneously osteoarthritic canine tibial cartilage and isolated chondrons  by Poole, C. Anthony et al.
Osteoarthritis and Cartilage (1997) 5, 191-204 
© 1997 Osteoarthritis Research Society 1063-4584/97/030191 + 14$12.00/0 
OSTEOARTHRITIS 
and 
CARTILAGE 
Immunoloca l i zat ion  of type IX col lagen in normal  and 
spontaneous ly  osteoarthr i t ic  canine tibial cart i lage and 
isolated chondrons 
BY C. ANTHONY POOLE*, RAYMOND T. GILBERT*, DANIEL HERBAGE t AND DANIEL J. HARTMANN~ 
*Department of Anatomy, Faculty of Medicine and Health Sciences, University of Auckland, Auckland, 
New Zealand; tlnstitut de Biologie et Chimie des Proteines, UPR CNRS 412, 69367 Lyon Cedex 7 and 
$Unit~ de Pathologie Cellulaire, URA CNRS 1459, Institut Pasteur de Lyon, 
69365 Lyon Cedex 7, France 
Summary  
Objective: The pericellular localization of type IX collagen in avian and mammalian hyaline cartilages remains 
controversial, while its distribution during osteoarthritic degeneration is poorly understood. This study aimed to 
compare and contrast he immunohistochemical distribution of type IX collagen in normal mature and spontaneously 
osteoarthritic canine tibial cartilage. 
Design: Thick vibratome sectioning techniques were evaluated and compared with isolated chondrons using a range 
of streptavidin-linked probes in combination with light, confocal and transmission electron microscopy. 
Results: In normal intact samples, type IX collagen was concentrated in the pericetlular microenvironment, while 
a weaker extracellular eaction around each chondron separated the territorial matrix from the unstained 
interterritorial matrix. Further differentiation was evident in isolated chondrons where the fibrous perieeltular capsule 
stained more intensely than the tail and interconnecting segments between columnated chondrons. Two regions of type 
IX reactivity were identified in osteoarthritic tissue: an intensely stained superficial reactive region below the eroding 
margins, and normal deep layer cartilage where pericellular staining persists. The superficial reactive region was 
characterized by chondron swelling and chondrocyte cluster formation, a loss of pericellular type IX staining, and a 
significant increase in matrix staining between clusters. Disintegration and loss of fibrillar collagens was evident in 
both the swollen microenvironment and adjacent erritorial matrices. 
Conclusions: The results suggest that changes in type IX distribution, expansion of the pericellular 
microenvironment and chondrocyte proliferation represent key elements in the chondron remodeling and chondrocyte 
cluster formation associated with osteoarthritic degeneration. 
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Introduct ion 
ARTICULAR cart i lage is character i zed  morphologi -  
cal ly by a smal l  number  of ch0ndrocytes  embedded 
in an expans ive  ext race l lu lar  matr ix.  In the adult,  
the ext race l lu la r  matr ix  is divisible into four 
hor izonta l  ayers, the superf icial ,  middle, deep and 
calcif ied cart i lage layers. In the middle and deep 
layers, the matr ix  can be subdiv ided c i rcum~ren-  
t ia l ly into three addi t ional  matr ix  regions: a 
per ice l lu lar  matr ix  and capsule,  which together  
with the chondrocyte  represents  the chondron,  a 
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terr i tor ia l  matr ix  a round each chondron,  and an 
in ter ter r i tor ia l  mat r ix  between ad jacent  terr i to-  
r ies (For reviews see [1-6]). 
Immunoh is tochemica l ,  b iochemical  and auto- 
rad iograph ic  studies on isolated chondron  prep- 
arat ions  have  now identif ied hya luronan and 
aggrecan  [7, 8], the smal l  proteog lycan decor in  [9], 
f ibronect in [10], and col lagen types It, VI  and IX 
[11-14] in the per ice l lu lar  mic roenv i ronment .  
These studies indicate that  the chondron is a 
complex mic roanatomica l  uni t  conta in ing a hetero-  
geneous mixture  of matr ix  macromolecu les  inter-  
mediate  between the chondrocyte  and the 
load-bear ing ter r i tor ia l  and in ter ter r i to r ia l  
matr ices.  In addit ion, the morpho logy  of  the 
chondron has been shown to change s igni f icant ly 
dur ing cart i lage degenerat ion  [15], impl icat ing a 
role for the chondron in the init ial  s tages of 
osteoarthr i t is .  
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Of the pericellular macromolecules identified, 
the preferential localization of type IX collagen 
remains controversial. Immunohistochemical stud- 
ies on intact articular cartilage [14, 16, 17], mature 
intervertebral disc [18] and isolated porcine 
chondrons [13] have consistently reported a 
pericellular distribution of type IX collagen. 
Conversely, studies on fetal bovine epiphyses 
[19, 20] and high-density chondrocyte cultures [21] 
have reported iffuse extracellular matrix staining 
in thin sections, but more pronounced pericellular 
staining in thicker preparations. Finally, studies 
on a variety of avian cartilages and chondrocyte 
cultures demonstrate a uniform distribution of 
type IX collagen with no evidence of pericell!~lar 
specializations [22-25]. 
Type IX collagen is a FACIT collagen [26] 
consisting of three genetically distinct peptide 
chains which form three triple helical collagenous 
domains (COL1, COL2 and COL3) and four 
noncollagenous globular domains (NC1, NC2, NC3 
and NC4) [27-30]. Type IX collagen is covalently 
cross-linked to the surface of type II collagen fibrils 
[31-34] where it forms an anti-parallel D-periodic 
distribution [34], characterized by the 'bottle- 
brush-like' projection of the rigid COL3 and large 
NC4 domains from the surface of the fibril [35, 36]. 
In articular cartilage, a chondroitin sulfate chain 
is usually attached to the NC3 'hinge' domain of 
the a2(IX) chain [37-40]. Additional studies uggest 
that type XI collagen forms the core of fine type II 
fibrils [41, 42], the recent demonstration f type XI 
homopolymers with type II linkage sites [43] 
adding support to the concept of heterotypic 
copolymers containing both fibrillar and FACIT 
collagens [26, 33, 44]. Notably, all three collagen 
species can be degraded by stromelysin [43, 45], a 
chondrocyte-derived matrix metalloproteinase in- 
strumental in cartilage degeneration [46]. 
Functionally, type IX collagen has been shown 
to limit type II collagen fibril diameter in a 
concentration-dependent ma ner [44, 47], and may 
bind directly with type IX collagen molecules on 
adjacent heterotypic fibrils [34]. The basic nature 
of the NC4 domain is also thought o act as a 
potential binding site, linking and 'gluing' 
adjacent collagen fibrils via interactions with 
polyanionic glycosaminoglycans embedded within 
the fibrillar matrix [48]. Type IX collagen may 
therefore determine the surface properties and 
lateral growth of heterotypic cartilage collagens, 
mediating their size and interaction with adjacent 
fibrils to facilitate the differentiation of the 
fibrillar network and stabilization of the pericellu- 
lar microenvironment. The consequent disruption 
to this pericellular network coutd therefore have 
important implications for the initiation and 
progression of osteoarthritic artilage degener- 
ation. 
Few studies however, have reported on the 
distribution or properties of type IX collagen in 
osteoarthritic artilage. Changes in type IX 
collagen solubility have been reported in human 
tissue [49], while experimental treatment of 
cartilage explants with recombinant stromelysin 
has demonstrated the parallel degradation of 
collagen types IX and II, a concomitant increase in 
tissue swelling, and a marked ~terioration i  the 
functional physical properties; of the tissue [50]. 
Additional transgenic studiesusing mice with type 
IX collagen gene deletions have shown a predispo- 
sition to osteoarthritis ~associated with mild 
chondrodysplasia [51-53],'while abnormalities in 
the structure or metabolism of type IX collagen 
have been reported in a patient with diastrophic 
dysplasia [54]. 
The current study aimed to compare and 
contrast he immunohistochemical distribution of 
type IX collagen in normal~nd spontaneously 
osteoarthritic canine tibial cartilage and isolated 
chondrons using light, confocal and electron 
microscopy techniques. The results demonstrate 
that type IX collagen was differentially distributed 
in the pericellular, territorial and interterritorial 
matrices of normal articular cartilage, but under- 
goes significant changes during the matrix remod- 
eling associated with osteoarthritic degeneration. 
Mater ia ls  and Methods  
PREPARATION OF  INTACT T ISSUE SAMPLES 
Samples of normal medial and lateral tibial 
plateaux were obtained from four mongrel dogs 
(2-5-years old) euthanized under veterinary super- 
vision at the Auckland City Pound by lethal 
pentabarbitol injection. Osteoarthritic samples 
were obtained from five dogs (7-11 years), 
presented for veterinary euthanasia due to os- 
teoarthritic immobility of the stifle joint. Os- 
teophytes were identified in aI1 five animals 
sampled, while their gross macroscopic appear- 
ance featured a typical transition from central 
cartilage rosion and bone ebonation through to 
reasonably intact cartilage at the periphery of the 
joint. In all animals ampled, a 5-mm wide strip of 
articular cartilage and subchondral bone was 
resected from the plateaux of both stifle joints and 
the samples divided into three 5x5 mm blocks 
representing the central eroded region, the 
transitional region and the peripheral region 
where the cartilage appeared relatively unaffected. 
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Cryosections 
Resected blocks of cartilage and bone were 
immediately equilibrated in phosphate buffered 
saline (PBS) (0.14M sodium chloride; 10mM 
phosphate buffer; pH 7.4) supplemented with 20% 
dimethyl sulfoxide (DMSO) for I h and stored at 
-80°C in PBS+20% DMSO. For cryosectioning, 
samples were mounted and embedded in OCT 
compound (Miles Inc, Elkart, U.S.A.), and the 
underlying bone resected from the frozen block. 
Cryosections (8-15 ~tm thick) were collected onto 
poly-L-lysine coated slides, fixed for 30 min in 2% 
paraformaldehyde, air dried, and stored at 4°C for 
immunohistochemistry. 
consistency, identical procedures were used for 
both normal and osteoarthrit ic samples. 
ANTIBODY PRODUCTION AND SPECIF IC ITY  
Type IX collagen was extracted from fetal calf 
epiphysial cartilage (7 9 months) by pepsin 
digestion and purified as previously described [56]. 
Antibodies to type IX collagen were raised in New 
Zealand white rabbits, and their specificity 
assessed by radioimmunoassay and immunoblot- 
ting to demonstrate lack of cross-reactivity with 
types II, V, VI, and XI collagens, laminin and 
fibronectin [19, 49, 56]. 
Vibratome sections 
New vibratome sectioning techniques were 
introduced to take advantage of the optical 
sectioning capability of the confocal microscope, 
and to reduce reliance on conventional embedding 
and sectioning techniques which contribute to 
tissue distortion, artifactual shrinkage, and loss of 
antigenicity. These unconventionally thick sec- 
tions ranged from 30-100 pm and remained wet 
during the entire procedure, but require careful 
interpretation when examined by traditional ight 
microscopy techniques because they represent the 
equivalent of 10-20 normal wax or cryosections. 
Resected blocks were immediately fixed in 2% 
paraformaldehyde in PBS for 60 min and decal- 
cified (0.2 M EDTA in 5% formalin) for 1-2 months. 
Vibratome sections from all tibial surfaces were 
cut on a TPI Series 1000 vibratome and stored in 
PBS containing 0.5% bovine serum albumin (BSA) 
and 0.05% sodium azide. 
IMMUNOHISTOCHEMISTRY 
Cryosections 
To remove masking proteoglycans, cryosections 
were traditionally digested with testicular 
hyaluronidase [Type I; Sigma Chemicals, U.S.A.: 
2 mg/ml (600 Units/ml)] in 0.1 M Tris saline pH 5.5 
at room temperature for 30-60 min [13, 20]. Anti- 
type IX collagen antibody was diluted 1:500 in 
0.1 M Tris saline containing 1% BSA, and the 
sections treated overnight (18 h) at 4°C. Controls 
included omission of the primary antibody, 
substitution with normal rabbit serum, and 
negative-control tissues including canine cardiac 
muscle and human placenta. Following treatment 
with a biotinylated goat anti-rabbit secondary 
antibody (Amersham, U.K.), the samples were 
probed with streptavidin-fluorescein isothio- 
cyanate (FITC) and mounted in Vectashield 
(Vector Laboratories, CA, U.S.A.). 
PREPARATION OF CHONDRON--AGAROSE GELS 
After collection of intact samples, remaining 
cartilage was resected from the bone, diced into 
small cubes (1-2 mm 3) and suspended in sterile PBS 
at 4°C. Mechanical extraction procedures are now 
well-established [5, 6, 55], and the final homogen- 
ate containing intact chondrons, capsular 'ghosts' 
and small cartilage 'chips' represents the entire 
population of chondrons present in the original 
sample. This homogenate was mixed at 37°C with 
low melting point agarose ('Sea Plaque' agarose; 
FMC Bioproducts, U.S.A.) to a final concentration 
of 1%, and cast into 90-mm culture dishes to create 
an optically clear monolayer 0.5-0.8 mm thick [8]. 
These chondron-agarose suspensions were fixed 
for 30 min, and plugs cored from the monolayer 
were stored as previously described [8]. To ensure 
Chondron-agarose plugs and vibratome sections 
Immunohistochemical labeling of chondron- 
agarose plugs has been described in detail [8, 12], 
and similar techniques were employed for thick 
vibratome sections. To ensure complete exposure 
of the epitope, plugs and sections were routinely 
digested with testicular hyaluronidase for up to 
24 h. However, a limited number of preparations 
received trypsin digestion (Gibco, U.S.A. 1:250; 
2 mg/ml in PBS, pH 7.4) at 37°C for up to 24 h in an 
attempt to expose potentially hidden epitopes. 
Little difference in type IX distribution was 
observed after limited trypsin treatment (_<4h), 
while more extensive digestion (_<24 h) reduced 
staining to a stippled pattern but failed to expose 
additional epitopes and was not routinely used. 
Potential autofluorescence was reduced by treat- 
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ment with 1% sodium borohydride in PBS for 
30-60 rain. Anti-type IX collagen antibody was 
diluted to 1:500 in 0.1 M Tris saline containing 1% 
BSA and samples treated for 48h at 4°C with 
continuous agitation. 
Biotinylated secondary antibodies enable selec- 
tion of a range of streptavidin-linked probes 
appropriate to the imaging technique employed. 
For light microscopy, individual samples were 
labeled with either streptavidin-FITC or strep- 
tavidin-horseradish peroxidase plus diamino- 
benzidine (HRP/DAB). For confocal microscopy in 
fluorescence mode, FITC provided the greatest 
contrast and resolution, while silver-enhanced 
Protein-A 10 nm gold was particularly suited to 
reflectance confocal microscopy of isolated cho~- 
drons. For transmission electron microscopy, 
pre-embedding immunohistochemistry wi th  osmi- 
cared HRP/DAB proved most successful. 
Fluorescent samples were mounted in Vec- 
tashield, and the margins of the coverslip sealed 
with clear nail varnish. For comparative light 
microscopy, HRP/DAB samples were mounted in 
glycerget (Dako, Copenhagen, Denmark), while 
preparations for electron microscopy were osmi- 
cated, dehydrated and infiltrated with Agar 100 
resin (Agar Scientific, U.K.) prior to flat embed- 
ding [8, 12]. Flat resin wafers were first examined 
by light microscopy to select areas of interest 
which were cut from the wafer and mounted for 
ultramicrotomy. 
MICROSCOPY 
Light microscopy 
Light microscopy was completed using a Leitz 
Dialux 20 upright microscope fitted with transmit- 
ted and epi-illuminated light sources, phase/fiuor- 
escence, differential interference contrast (DIC) 
and bright-field objectives, and an automated Wild 
camera using Tmax 100 black and white film 
(Kodak, U.S.A.). 
Confocal microscopy 
Confocal aser scanning microscopy employed a
Leica TCS4d confocal microscope (Leica, Heidel- 
berg, Germany) equipped with a Leica DM-RBE 
upright microscope fitted with transmitted and 
epi-iltuminated light sources, a krypton-argon 
laser, and a range of infinity adjusted objectives. 
Maximum and minimum pixel intensities were 
optimized for the FITC photomultiplier channel, 
and the optico-digital data sets collected at 1-pm 
intervals were stored on magneto-optical disks. 
Images were processed as either single optical 
sections (~0.4 ~m thick) or as extended focus 
z-series projections of the data set, and transferred 
to a Power Macintosh 7100/80AV for image 
reconstruction and plate assembly. 
Electron microscopy 
Samples were sectioned at I00 nm, collected onto 
200 mesh copper grids and stained with saturated 
uranyl acetate at 60°C. Grids were examined in a 
Hitachi H7000 transmission electron microscope at 
an accelerating voltage of 100 kV. 
Resu l ts  
NORMAL INTACT ARTICULAR CARTILAGE 
Vibratome sections up to 50-~tm thick were found 
to represent the practical limit for articular 
cartilage immunohistochemistry, arid the distri- 
bution of HRP/DAB reaction product in these 
preparations i shown in Fig. l(a). In field view, 
these extremely thick sections showed dense 
staining in the upper-matrix layers, clear pericellu- 
lar differentiation in the middle layers, and 
reduced but discrete pericellular staining in the 
deep layers. In the calcified cartilage layer, 
staining was restricted to the noncalcified pericel- 
lular matrix of chondrons exposed at the cut 
surface. Neither prolonged enzyme pre-treatment 
nor extended labeling periods improved staining of 
the deeper egions, suggesting that matrix density 
is likely to have reduced antibody and/or strept- 
avidin penetration. 
Dense staining of the superficial and upper- 
middle layers was a common feature of HRP/DAB 
labeled vibratome sections viewed conventionally 
using low-resolution bright-field objectives. This 
exaggerated staining effect results from cumulat- 
ive, unfocused, aberrant objects within unconven- 
tionally thick sections, but was not a feature of 
thinner cryosections or optical confocal sections 
FIG. 1. Distribution of type IX collagen in normal tibial cartilage xamined by bright-field and fluorescence light 
microscopy [(a) (c)], extended focus confocal microscopy [(d)-(f)] and transmission electron microscopy [(g) (i)]. (a) A 
50 ~m vibratome section showing intense HRP/DAB staining of superficial and upper middle layers, and distinct 
pericellular staining of deeper layers. Bar = 100 ~m. (b) An FITC labeled cryosection showing poorly stained superficial 
chondrocytes (small arrows), radially interconnected pericellular staining in the upper-mid layer (large arrows) and 
absence of extracellular staining. Bar = 50 ~m. (c) HRP/DAB differentiation f pericellular (small arrow), territorial 
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(large arrow) and interterr i tor ia l  (*) matr ices of the middle to deep layers. Bar = 20 pm. (d) In trypsinized preparat ions,  
per icel lu lar  sta in ing dominated the superficial region al though interterr i tor ia l  sta in ing (arrows) was evident in one 
animal. Bar = 20 ~tm. (e) Trypsinized middle-layer sample showing strong pericel lular,  weak terr i tor ia l  and negat ive 
interterr i tor ia l  staining. Bar = 20 ~m. (f). Detai l  from trypsinized eep layer showing st ippled chondron staining, weak 
terr i tor ia l  staining and a negat ive interterr i tor ia l  reaction. Bar -- 20 ~m. (g) Micrographs from the middle layer showed 
HRP/DAB react ion product concentrated around the chondrocyte (arrows) with weak staining of the tail. Bar = 10 ~m. 
(h) Detai l  showing the stained boundary (arrows) between fine capsular  fibrils and the larger unstained fibrils of the 
terr i tor ia l  matrix.  Bar = 0.5 ~m. (i) Control demonstrat ing absence of HRP/DAB in the per icel lu lar  microenvironment.  
Bar = 0.5 ~m. 
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where differentiation f FITC staining was clearly 
evident in the superficial and upper middle layers 
[Fig. l(b) and (d)]. At the extreme articular surface, 
weak staining was restricted to the surface of the 
discoid chondrocytes. However, at their transition 
to the more rounded morphology of upper-middle 
layer chondrocytes, strong staining defined a 
broad pericellular region around each cell 
[Fig. l(b)]. Pericellular regions appeared to 
interconnect vertically, and were clearly delin- 
eated from the unstained matrix between adjacent 
columns [Fig. l(b)]. Further differentiation of type 
IX staining was evident in the middle and deep 
layers, where a moderate reaction around each 
chondron defined the territorial matrix, while 
minimal staining characterized the interterrit~rial 
matrix [Fig. 1(c)]. 
Despite cautions regarding HRP/DAB labeled 
vibratome sections, those stained with FITC 
provided excellent depth and contrast for confo- 
cal microscopy, and similar patterns of staining 
were observed with both enzyme pre-treatments. 
Trypsin, however, failed to reveal additional 
epitopes [Fig. 1(d-f)], producing a generalized 
reduction in staining and a stippled reaction 
pattern suggesting partial trypsinization of the 
antigen. Staining, hoWever, remained most 
intense in  the upper-matrix layers [Fig. l(d)], 
and successively higher photomultiplier gains 
were required to image type IX collagen distrL 
bution in the middle [Fig. l(e)] and deep layers 
[Fig. l(f)]. Strong pericellular staining persisted 
around all chondrocytes, and was associated 
with weak patchy staining of the territorial 
matrix but a complete absence of stain in 
the interterritorial matrix [Fig. l(e) and (f)]. 
Central medial samples from one animal 
did show a patchy, narrow band of interterrito- 
rial staining [Fig. l(d)], but this was not a 
common feature of peripheral samples or other 
animals. 
Electron microscopy on hyaluronidase treated, 
HRP/DAB-stained vibratome sections confirmed 
the strong pericellular type IX reaction, with 
weaker staining in the tail and interconnecting 
segments, and minimal territorial staining 
[Fig. l(g)]. More detailed examination revealed 
strong staining associated with the fine fibrils of 
the pericellular capsule, delineated from the 
territorial matrix by the abrupt transition in 
staining intensity between the compacted capsule 
and the comparatively loose weave of larger 
territorial fibrils [Fig. l(h)]. Control sections 
confirmed the absence o f  peroxidase reaction 
product in the pericellular microenvironment 
[Fig. 1(i)]. 
CHONDRONS ISOLATED FROM NORMAL ARTICULAR 
CARTILAGE 
The pattern of type IX collagen staining it/ 
isolated canine chondrons conformed to the 
chondron microanatomy previously established 
with type VI collagen antibodies. Using DIC 
microscopy, intense HRP/DAB stainin~ was evi- 
dent in the pericellular capsule surrounding each 
chondrocyte, while discontinuities of moderate 
staining were common in the interconnecting 
segments between columnated chondrons 
[Fig. 2(a)]. Control samples howed a total absence 
of type IX collagen staining [Fig. 2(b)]. 
Conibcal microscopy in fluorescence mode 
showed a similar intensity of pericellular staining 
with a variable type IX reaction in the segments 
between chondrons [Fig. 2(c)]. When imaged in 
reflectance mode, silver-enhanced gold particles 
mirrored this pattern of t~pe IX staining [Fig. 2(d), 
but lacked the specificity or structural resolution 
evident with fluorescence confocal microscopy. 
Pre-embedding labeling with HRP/DAB proved 
most effective for ultrastructaral examination of 
isolated chondrons, and dense staining was 
evident in the pericellular capsule [Fig. 2(e)]. 
Detailed examination revealed ~eaction product 
associated with the fine fibrils of'the capsule and 
concentrated at the intercies between fibrils 
[Fig. 2(f)]. Banded collagen fibrils adhering to the 
chondron showed little evidence of a type IX 
collagen reaction [Fig. 2(g)]. Pre-embedding label- 
ing with silver-enhanced Protein-A gold showed 
particles confined to the pericellular capsule and 
tail with negligible staining of adherent collagen 
fibrils [Fig. 2(h)]. 
INTACT OSTEOARTHRITIC CARTILAGE 
The distribution of type IX collagen in full-thick- 
ness osteoarthritic preparations is shown in Fig. 3. 
In contrast to normal HRP/DAB-labeled vibratome 
sections, overall type IX staining was reduced in 
the superficial region of osteoarthritic cartilage 
where chondroCyte clusters stained poorly, but 
extracellular matrix staining increased signifi- 
cantly [Fig. 3(a)]. At high magnification, the 
cellular microenvironment at he periphery of the 
cluster appeared thin and poorly stained while the 
center of the cluster often showed a persistent 
residual mass of type IX staining [Fig. 3(b)]. A 
narrow region, devoid of type IX staining, was 
common around each cluster, while extracellular 
matrix staining remained strong [Fig. 3(b)]. 
Subsequent studies using anti-type VI collagen 
antibodies (Poole; submitted observations), have 
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revealed intense type VI staining in those regions 
of the cluster devoid of type IX collagen [Fig. 3(c)]. 
Fluorescence confocal microscopy provided a 
more accurate view of type IX collagen distri- 
bution in osteoarthritic preparations [Fig. 3(d-i)]. 
At low magnification, strong type IX staining 
defined a superficial reactive region which con- 
trasted sharply with weaker pericellular staining 
of the deeper layers [Fig. 3(d)]. This was confirmed 
in detailed scans, where higher photomultiplier 
gains were required to optimally ~mage pericellu- 
lar staining around deep-layer chondrocytes 
[Fig. 3(e)]. Significantly lower photomultiplier 
gains were required to image type IX collagen 
distribution in the reactive superficial region 
[Fig. 3(f)], the abrupt increase in pericellular 
staining coinciding with the expansion of the 
pericellular microenvironment and init iation of 
chondrocyte division. As these cell clusters 
enlarged towards the eroding surface, pericellular 
staining progressively declined, but was matched 
by a concomitant increase in extracellular matrix 
staining [Fig. 3(f)]. 
These changes in pericellular type IX distri- 
bution were common to both fibrillated and 
fissured cartilage, and were more obvious at high 
magnification [Fig. 3(g-i)]. Near the junction 
between apparently normal cartilage and the 
advancing margins of fibrillation and fissure 
involvement, pericellular staining appeared to 
FIG. 2. Type IX collagen distribution i  normal isolated chondrons examined by DIC light [(a), (b)], fluorescence and 
reflectance confocal [(c), (d)] and transmission electron microscopy [(e)-(h)]. (a). The pericellular capsule stained 
intensely with HRP/DAB, a weaker eaction defining the segments between chondrons (arrows). Bar-- t0 ~m. (b) In 
controls, the chondrocyte (c), the pericellular capsule (arrow) and the tail (t) showed no evidence of staining. Bar -- 10 pro. 
(c) Extended focus FITC image illustrating the opacity of the capsule and discontinuity of staining between chondrons 
(arrows). Bar = 10 pm. (d). Reflectance image showing silver-enhanced gpld particles concentrated in the chondron. 
Bar= 10 pm. (e) HRP/DAB reaction product concentrated in the capsule but absent from adherent collagen fibrils. 
Bar = 1 ~m. (f) Within the capsule, HRP/DAB was located on the surface of fine fibrils (small arrows) and concentrated 
at their intercies (large arrows). Bar = 0.25 pm. (g). At comparable magnifications, large, banded fibrils adherent to the 
chondron showed a virtual absence of stain. Bar=0.25 pro. (h) Silver-enhanced gold particles were preferentially 
localized in the pericellular capsule and tail (t). Bar = 5 ~m. 
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FIG. 3. Type IX collagen distribution in osteoarthritic cartilage xamined by bright-field [(a)~(c)], fluorescence confocal 
[(d) (i)] and transmission electron microscopy [(j)-(1)]. (a) In the superficial reactive region, cell clusters tained poorly 
with HRP/DAB (small arrows) while xtracellular staining increased. Fissured surface (large arrow). Bar = 50 gm. (b) 
Chondrocyte cluster showing weak HRP/DAB staining at the periphery (small arrows), an intense residual core (large 
arrow) and unstained matrix around each cluster (*). Bar = 10 gm. (c) Comparable staining for type VI collagen showed 
reaction product concentrated within the cluster and minimal extracellular staining. Bar = 10 gm. (d) Single optical 
section demonstrating differences in stain distribution and intensity between the superficial reactive region and 
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expand and differentiate [Fig. 3(g)]. A band of 
strong staining remained close to the chondrocyte 
surface but .was separated from the swollen 
margins of the microenvironment by a weakly 
stained region which appeared to be expanded 
[Fig. 3(g)]. In the middle of this reactive region, 
chondrocytes proliferating into clusters were 
surrounded by a thin boundary of weak type IX 
staining, and appeared as if suspended in an 
unstained void confined by strong extracellular 
matrix staining [Fig. 3(h)]. Areas devoid of type IX 
staining appeared to project upwards towards the 
articulating surface [see Fig. 3(b), (f), (h)]. At the 
eroding margins [Fig. 3(i)], flattened chondrocyte 
clusters were defined by a poorly-stained outline of 
type IX collagen, while the extracellular matrix 
staining declined sharply. 
Electron microscopy confirmed the presence of a 
thin layer of staining around each cell [Fig. 3(j)], 
but showed it to be separated from the cell surface 
by an unstained region containing filamentous 
material [Fig. 3(j), (k)]. Type IX staining persisted 
at the junction between the swollen microenviron- 
ment and the remnants of the territorial collagen 
network, which appeared isrupted and unstained 
in the vicinity of the cluster [Fig 3(1)]. 
ISOLATED OSTEOARTHRITIC CHONDRONS: 
Type IX staining of osteoarthritic chondron 
preparations ranged from apparently normal 
chondrons, which stained intensely, through to 
large cell clusters with minimal type IX antibody 
reactivity [Fig. 4]. Three characteristic changes in 
the pericellular microenvironment could be 
identified in osteoarthrit ic chondrons at the 
light-microscope level. Initial changes included 
thinning cff the capsule and a reduction in staining 
intensity immediately adjacent o the chondrocyte, 
while the tail region appeared to swell but type IX 
staining persisted [Fig. 4(a)]. This was followed by 
progressive xpansion of the pericellular microen- 
vironment, initiation of cell division and a marked 
reduction in type 1X staining in the vicinity of the 
chondrocytes [Fig. 4(b)]. Finally, continued pro- 
liferation and cluster formation was accompanied 
by a virtual absence of type IX collagen staining 
[Fig. 4(c)]. 
This sequence of perieellular remodeling was 
more accurately i l lustrated with confocal micro- 
scopy. Initially, the pericellular capsule showed a 
reduction in type IX staining while a strong but 
stippled pattern persisted in the ta i l  region 
[Fig. 4(d)]. As the chondrons expanded and cell 
division was initiated, this stippled type IX 
reaction declined, particularly around dividing 
chondrocytes [Fig. 4(e)]. In the final phase of 
cluster formation type IX staining declined to a 
minimum, and was characterized by a clumped 
granular reaction around each chondrocyte. 
Electron microscopy confirmed these changes in 
type IX distribution, the initial staining of swollen 
chondrons [Fig. 4(g)] decreasing and becoming 
limited to the outer marg in  of the capsule as 
cluster formation progressed [Fig. 4(h)]. Detailed 
examination of the swollen microenvironment 
revealed numerous hort lengths of fine, densely- 
stained fibri ls embedded in a network of fine 
filamentous material which stained poorly for type 
IX collagen [Fig. 4(i)]. 
Discuss ion 
This study introduces new experimental ap- 
proaches to cartilage immunohistochemistry, 
which minimize embedding and maintain the 
tissue in a fixed, fully-hydrated state suitable for 
comparative light, confocal and electron mi- 
croscopy with a range of streptavidin-linked 
probes. Thick vibratome sections (_<50 gm) and 
chondron-agarose g ls were used to compare the 
distribution of type IX collagen in identically 
treated preparations of normal and spontaneous 
osteoarthrit ic cartilage from canine tibial 
plateaux. Caution, however, must be exercised 
when interpreting HRP/DAB-stained vibratome 
sections viewed at low resolution by traditional 
light microscopy because the exaggerated content 
of unfocused, aberrant light in these unconven- 
tionally thick sections gave the false impression of 
apparently normal cartilage. Bar-- 50 gin. (e) Optical section detail from the deep layer showing discrete pericellular 
staining similar to normal controls. Bar--40 ~m. (f) A detail from (d) illustrates the transformation from swollen 
chondrons (small arrows) to poorly stained clusters (large arrows), and increased extracellular staining. Bar = 10 gin. (g) 
Single optical detail showing pericellular swelling and type IX differentiation near the interface with apparently normal 
cartilage. Bar = 20 gin. (h) In the center of the reactive region, poorly-stained clusters often retained acentral mass of type 
IX collagen (arrow) and appeared as if suspended in an unstained 'moat'.(*). Bar = 10 gin. (i) At the eroding margin, 
poorly-stained clusters were exposed to the joint cavity (*) and extracellular staining declined abruptly. Bar = 10 pm. (j) 
Low-resolution micrograph showing HRP/DAB restricted to a thin band at the margin of the swollen microenvironment 
(arrows). Bar=10~Lm. (k) Higher magnification revealed strong staining at the boundary of the swollen 
microenvironment (arrow) and poorly-stained filamentous material attached to the chondrocyte membrane. Bar = 1 pm. 
(1) Detail illustrating collagen disruption and depletion in the matrix adjacent to a cluster. Bar= 1 gm. 
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FIG. 4. Type IX collagen distribution in isolated osteoarthritic chondrons examined by bright-field [(a)-(c)], fluorescence 
confocal [(d)-(f)] and transmission electron microscopy [(g) (i)]. (a) HRP/DAB staining reflected expansion of the tail (t), 
thinning of the capsule (arrows) and uniformity of reactivity. Bar = 10 ~m. (b) Example demonstrating loss of pericellular 
HRP/DAB staining (arrows), cellular migration to the periphery and a persistent reaction in the tail. Bar = 10 gm. (c) 
Chondrocyte cluster showing weak HRP/DAB staining and cells lining the margins. Bar = 10 gin. (d) Single optical 
section showing loss of pericellular staining but a residual  stippled reaction in the tail. Bar  = 10 pm. (e) In a linear 
chondron column, thin and poorly stained matrices urround ivided cells (arrows). Bar = 10 pro. (f) Extended focus image 
showing patchy stippled staining in the swollen microenvironment (large arrows), and a variable band of moderated 
staining around the chondrocytes ( mall arrows). Bar = 10 gm. (g) HRP/DAB-stained micrograph il lustrating moderate 
and uniform staining of a single chondron. Bar = 5 gm. (h) Part  of a chondrocyte cluster demonstrating patchy staining 
in the core of the microenvironment (*). Bar = 5 gin. (i) Detail from the microenvironment showing stained fragments of 
fine fibrils (arrows), dominated by poorly stained matrix granules and filamentous material. Bar = 0.5 pm. 
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broad-matrix staining in the superficial and 
upper-middle layers. Fig. l(a) was included here to 
alert the reader ~to the potential for misinterpreta- 
tion when sections of widely varying thickness are 
used for enzyme-linked immunohistochemistry, 
because this exaggerated staining pattern was not 
substantiated in thinner cryosections, optical 
confocal sections, or ultra-thin resin sections 
examined by electron microscopy. On the contrary, 
these methods indicated a discrete pericellular 
sequestration of type IX collagen in the superficial 
and upper-middle layers, with minimal staining of 
the intervening matrix. Given the section thickness 
and the higher cell density reported in the upper 
matrix layers [57, 58[, it is likely that the broad 
HRP/DAB staining observed in thick vibratome 
sections results from large numbers of intensely 
stained chondrons which convey the impression of 
bulk-matrix staining when viewed by light mi- 
croscopy. This, however, was not the case with 
confocal microscopy where FITC-stained vibratome 
sections permit high-resolution imaging of tissue 
microstructure free of the processing and section- 
ing artifacts traditionally associated with wax and 
cryosections. 
The differential distribution of type IX collagen 
was most clearly evident in the middle and deep 
layers of normal intact samples where pericellular, 
territorial and interterritorial matrices were 
identified [2, 59, 60]. Although staining intensity 
appeared to decrease towards the tidemark 
suggesting a depth related variation in type IX 
collagen content, staining remained concentrated 
in the pericellular microenvironment while the 
territorial matrix was characterized by a diffuse 
'penumbra' of weak, stippled staining. By compari- 
son, the interterritorial matrix lacked a type IX 
reaction, despite pre-digestion with testicular 
hyaluronidase or trypsin. This discrete pericellular 
localization of type IX collagen was consistent with 
previous studies on a range of mature articulating 
cartilages [13, 14, 16-18], while the absence of 
bulk-matrix staining was at variance with studies 
on avian [22-25] and epiphysial [19-21] hyaline 
cartilages. Because we have previously failed to 
isolate intact chondrons from fetai, newborn or 
juvenile articular cartilages [55], we suggest he 
transition from a broad-matrix distribution in 
sternal and epiphysial growth cartilages to a 
specific pericellular localization in adult articular 
cartilages could represent a spatial and temporal 
evolution in the distribution of type IX collagen, 
which reflects the progressive differentiation of the 
pericellular microenvironment as articular carti- 
lage develops to functional maturity. 
The distribution of type IX collagen in  the 
substructures of the pericellular microenviron- 
ment was detailed using isolated chondron 
preparations. High concentrations of type IX 
collagen were consistently localized amongst he 
fine-compacted fibrils of the periceltular capsule 
while moderate staining defined the less-com- 
pacted weave of the tail and interconnecting 
segments between adjacent chondrons. This clear 
discontinuity of staining between columnated 
chondrons uggests each chondrocyte was individ- 
ually responsible for the development and main- 
tenance of its pericellular microenvironment, but 
co-operates with neighboring cells to produce the 
integrated, linear columns, typical of mature tibial 
cartilage. The genesis of this cellular relationship 
and the functional significance of their co- 
operation in linear columns is not yet understood. 
Osteoarthritic samples were examined at all 
stages of the Mankin classification [61]. In all 
animals examined, a region of intense type IX 
collagen reactivity developed immediately adja- 
cent to the eroding margins. This superficial 
reactive region penetrated 100-300 ~m into the 
matrix where its interface with apparently normal 
cartilage was characterized by the initial changes 
in pericellular type IX distribution. These included 
swelling of the microenvironment, increased 
pericellular staining, and the emergence of a 
poorly-stained area between the chondrocyte and 
the margins of the swollen microenvironment. In
the middle of this reactive region, expansion of the 
pericelluiar microenvironment was  accompanied 
by initiation of cell division, chondrocyte mi- 
gration to the periphery of the swollen microenvi- 
ronment, and loss of staining in the immediate 
vicinity of the cell. Near the eroding carti lage 
margins, continued cell proliferation resulted in 
poorly-stained chondrocyte clusters separated 
from the extracellular matrix by a broad area of 
unstained, unidentified material. These pericellu- 
lar changes in type IX distribution were paralleled 
by a marked increase in extracellular matrix 
staining which disappeared at the erosion inter- 
face. Isolated osteoarthrit ic chondrons showed 
identical changes in pericellular type IX staining, 
reflecting the transition from normal chondrons 
through to osteoarthritic chondrocyte clusters. 
Preliminary studies using anti-type VI collagen 
antibodies suggest the progressive decIine in 
pericellular type IX staining was matched by a 
reciprocal increase in pericellular type VI seques- 
tration and retention within chondrocyte clusters. 
(Poole; submitted unpublished observations). 
The data presented, therefore, suggest hat the 
superficial reactive region represents a dynamic 
front of type IX remodeling in which recruitment 
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of new chondrons into the degenerative process is 
initiated at the advancing edge of fibrillation and 
fissure involvement while the articulating surface 
continues to erode into the joint cavity. Similar 
advancing fronts of matrix degradation have been 
reported for proteoglycans in osteoarthritic carti- 
lage [61], and in cartilage explants treated with 
chondroitin ABC lyase [62], Streptomyces and 
testicular hyaluronidase [63, 64], collagenase 
[63, 64] and recombinant human stromelysin [50]. 
The identification of a 'reactive region' of type IX 
collagen remodeling in spontaneous o teoarthritic 
cartilage therefore supports the proposition [50] 
that high molecular weight degradative nzymes 
involved in the osteoarthritic process do not simply 
diffuse throughout and uniformly degrade the 
matrix, but rather, must digest their way into the 
tissue from the eroding surface, recruiting new 
chondrons into the degradative process as it 
advances toward the subchondral bone. 
The redistribution oftype IX collagen epitopes in 
the superficial reactive region also suggests 
extensive remodeling of heterotypic pericellular 
collagens as the articulating surface erodes. This 
observation was consistent with previous reports of 
increased type IX collagen solubility in human 
osteoarthritic tissue [49], and studies which showed 
the addition of stromelysin to cartilage explants 
increased the concentration of polymeric type IX 
collagen fragments in both the media and tissue 
fractions [50]. Ultrastructural data il lustrating 
short lengths of stained fibrils in the swollen 
microenvironment and disintegration of the terri- 
torial collagen network support these obser- 
vations, and suggest that changes in type IX 
collagen distribution were largely restricted to the 
advancing front of matrix degradation. 
It is now well-established that type IX collagen is 
extensively cross-linked to type II collagen [34], 
and plays a concentration-dependent role in the 
regulation of type II collagen fibril diameter 
[44, 47]. Current models also predict head-to-tail 
type IX to type IX linkages with the potential to 
tether adjacent fibrils at most angles of intersec- 
tion [34]. Together with its high pericellular 
concentration and localization at the intercies of 
fine fibrils, the data presented suggests that type IX 
collagen functions to produce a densely-woven 
superstructure around each chondrocyte which 
provides a scaffolding for the sequestration and 
retention of the matrix maeromolecules required to 
produce a hydrodynamic microenvironment i er- 
mediate between the chondrocyte and the load- 
bearing territorial and interterritorial matrices. In 
spontaneously osteoarthritic artilage however, 
the characteristics of chondron swelling and 
chondrocyte cluster formation, coupled with the 
progressive decline in pericellular type IX collagen 
and concomitant rise in extracellular matrix 
staining, clearly indicates remodeling of the 
perice]lular microenvironment and adjacent 
matrices. We propose that metalloproteinase- 
mediated disruption of heterotypic pericellular 
collagens could result in short, fibrillar segments 
which lack the tensile properties necessary to 
restrain the tendency for pericellular hyaluronan 
and aggrecan to hydrate, causing the chondron to 
swell. Catabolic remnants of type IX collagen could 
also diffuse into and interact with extracellular 
matrix components, but would similarly tack the 
cohesive and regulatory qualities of intact type IX 
collagen necessary to maintain the functional 
integrity of osteoarthritic cartilage matrices. 
In summary, we have established the differential 
distribution of type IX collagen in the pericellular, 
territorial and interterritorial matrices of mature 
canine tibial cartilage, and detailed the transition 
from normal chondrons to large chondrocyte 
clusters typical of osteoarthritic cartilage. While 
the mechanisms responsible for the initiation and 
progression of pericellular remodeling have yet to 
be fully elucidated, we argue that type IX collagen 
remodeling and disruption of chondron integrity 
represents one of the earliest structural events 
associated with the initiation and progression of 
osteoarthritis. 
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